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Mousetructure can lead to chromosome segregation errors and genomic instability. In
this study the potential role of protein kinase C delta (PKCδ) on meiotic spindle organization was evaluated in
mouse oocytes. PKCδwas previously shown to be phosphorylated during meiotic maturation and concentrate
on the meiotic spindle during metaphases I and II. Currently we show that when phosphorylated on
Threonine 505 (pPKCδThr505), within the activation loop of its C4 domain, PKCδ expression was restricted to
the meiotic spindle poles and a few speciﬁc cytoplasmic foci. In addition, pPKCδThr505 co-localized with two
key microtubule organizing center (MTOC)-associated proteins, pericentrin and γ-tubulin. An interaction
between pPKCδThr505 and pericentrin as well as γ-tubulin was conﬁrmed by co-immunoprecipitation analysis
using both fetal ﬁbroblast cells and oocytes. Notably, targeted knockdown of PKCδ expression in oocytes
using short interfering RNAs effectively reduced pPKCδThr505 protein expression at MTOCs and leads to a
signiﬁcant (P b 0.05) disruption of meiotic spindle organization and chromosome alignment during MI and
MII. Moreover, both γ-tubulin and pericentrin expression at MTOCs were decreased in pPKCδThr505-depleted
oocytes. In sum, these results indicate that pPKCδThr505 interacts with MTOC-associated proteins and plays a
role in meiotic spindle organization in mammalian oocytes.
© 2008 Elsevier Inc. All rights reserved.IntroductionMicrotubule organizing centers (MTOCs), which control the forma-
tion and anchorage of microtubules, include centrosomes in higher
eukaryotes and spindle pole bodies in fungal organisms. Centrosomes
in mammalian somatic cells typically consist of an orthogonal pair of
centrioles, surrounded by pericentriolar material (PCM) from where
microtubules nucleate. At the molecular level, microtubule nucleation
is initiated from ring complexes (γ-TuRC) of γ-tubulin and associated
complex proteins (Moritz et al., 1995; Zheng et al., 1995; Raynaud-
Messina and Merdes, 2007). These complexes bind dimers of α- and β-
tubulins that assemble into proﬁlaments (Moritz and Agard, 2001).
Microtubules form at the poles and their growing plus ends are
directed outward for chromosome attachment, while the minus ends
are anchored at the site of nucleation. The speciﬁc targeting of γTuRCs
to MTOCs has been attributed to the γ-tubulin associated protein GCP-
WD (Nedd1), as its depletion by siRNA results in nearly total loss of γ-
TuRCs from MTOCs and lack of microtubule nucleation (Haren et al.,
2006; Luders et al., 2006). In turn, the anchoring of γ-TuRCs at MTOCs
is mediated, at least in part, by an interaction with pericentrin, a key
scaffolding protein onto which many regulatory proteins bind (Doxsey
et al., 1994; Zimmerman et al., 2004). Disruption of either γ-tubulin or
pericentrin expression in vitro promotes spindle microtubule defectsros).
l rights reserved.and chromosome segregation errors (Zimmerman et al., 2004).
Moreover, targeted deletion of γ-tubulin in mice leads to embryonic
loss by the blastocyst stage (Yuba-Kubo et al., 2005).
Meiotic spindle formation in female gametes of various species,
includingmammals, differs markedly frommitotic spindles in somatic
cells. Live imaging analysis in Drosophila demonstrated that in
contrast to microtubule nucleation from two centrosomes, oocyte
spindle microtubules initially nucleate in proximity to the condensing
chromosomes. These microtubules subsequently organize and focus
into opposing poles to form a bipolar spindle (Matthies et al., 1996;
Skold et al., 2005). This mode of spindle assembly has also been
observed in mammalian somatic cells following laser ablation of the
centrosomes (Khodjakov et al., 2000), and is dependent on the activity
of the small GTPase, Ran, as well as the guanine nucleotide exchange
factor, RCC1 (Hutchins et al., 2004; Kalab et al., 2006). Studies suggest
that meiotic spindle formation in mammalian oocytes may involve
similar processes (Dumont et al., 2007). In prophase I arrested (GV-
intact) oocytes, normally one to three distinct γ-tubulin foci are
detected in the oocyte cytoplasm and eventually localize near the
nuclear membrane (Combelles and Albertini, 2001; Can et al., 2003).
Upon the resumption of meiosis, the interphase microtubule network
within the cytoplasm disassembles and multiple foci of γ-tubulin
concentrate near the condensing chromosomes (Combelles and
Albertini, 2001). Microtubules nucleate around the chromosomes in
a seemingly random manner, but gradually organize to form a barrel-
shaped, bipolar, metaphase I spindle. Notably, mammalian oocytes
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(PCM) including γ-tubulin and pericentrin (Gueth-Hallonet et al.,
1993; Doxsey et al., 1994; Calarco, 2000; Carabatsos et al., 2000;
Combelles and Albertini, 2001), but lack centrioles (Szollosi et al.,
1972; Schatten, 1994). Hence, oocyte MTOCs are often deﬁned as
aggregates, or foci, of pericentriolar material that are functionally able
to nucleatemicrotubules. Recent elegant live cell imaging studies have
highlighted the dynamic nature of mouse oocyte MTOCs and revealed
that MTOCs form de novo from the cytoplasmic microtubule network.
Importantly, organized MTOCs in the oocyte function similarly to
centrosomes and are essential for meiotic spindle assembly (Schuh
and Ellenberg, 2007). Although signiﬁcant research has focused on
understanding centrosome function in mitotic cells, little is known
regarding the molecular composition of the unique MTOCs and
regulatory proteins that control meiotic spindle formation in
mammalian oocytes.
Studies in somatic cells have suggested that protein kinase C (PKC)
can regulate microtubule organization (Kiley and Parker, 1995; Jaken
and Parker, 2000). PKC proteins are evolutionarily conserved and
expressed in diverse organisms. The mammalian protein family
consists of 10 serine/threonine kinases classiﬁed into three groups
based on sequence homology as well as activator and cofactor
requirements, which include the ‘conventional’ (PKCα, βI, βII and -
γ), ‘novel’ (PKCδ, -ɛ, θ, and -η) and ‘atypical’ (PKCλ/ι and -ζ) isoforms
(Ohno and Nishizuka, 2002—for review). Distinct subcellular distribu-
tion patterns of individual PKCs suggest unique isoform-speciﬁc
functions (Livneh and Fishman, 1997; Black, 2000). Interestingly,
several PKCs localize to mitotic spindle microtubules and/or spindle
poles, including PKCζ (Lehrich and Forrest, 1994; Liu et al., 2006a),
PKCθ (Passalacqua et al., 1999) and PKCβII (Chen et al., 2004). Notably,
PKCβII is anchored to centrosomes at the spindle poles by pericentrin
binding. Disruption of this interaction leads to loss of microtubule
organization and spindle function, aneuploidy and defects in
cytokinesis (Chen et al., 2004). The single PKC expressed in Sacchar-
omyces cerivisiae, Pkc1p, also associates with themitotic spindle via its
C2 domain (Denis and Cyert, 2005), suggesting some possible
conservation of function.
In previous studies, we demonstrated a link between PKC activity
in oocytes and the capacity to exit MI (Viveiros et al., 2001, 2004). Our
studies focused on PKCδ and demonstrated the expression of the full-
length protein as well as a truncated 47kDa carboxy-terminal
(catalytic domain) fragment in mouse oocytes, both of which became
phosphorylated upon the resumption of meiosis through to MII
(Viveiros et al., 2003). By contrast, the unphosphorylated protein
predominated shortly after in vitro fertilization and parthenogenetic
egg activation. Thus, unphosphorylated PKCδ is characteristic of
interphase, while a phosphorylated form is maintained during
metaphase. A similar pattern was observed during early embryonic
mitotic divisions, conﬁrming that this kinase is phosphorylated in a
cell cycle dependent manner. Immunoﬂuorescence analysis revealed
diffuse PKCδ expression in the oocyte cytoplasm during meiotic
maturation. Intriguingly, the protein also concentrated on meiotic
spindle microtubules during the metaphase I to anaphase transition
(Viveiros et al., 2001, 2003). PKCδ association with the second meiotic
spindle following egg activation to promote anaphase II has also been
demonstrated (Tatone et al., 2003; Baluch et al., 2004). We, therefore,
sought to assess the expression and function of phosphorylated PKCδ
in mouse oocytes. PKC proteins are known to undergo a series of
ordered ‘priming’ phosphorylations that regulate enzyme activity and
stability (Dutil et al., 1998; Le Good et al., 1998, Newton, 2003). An
initial phosphorylation occurs on a key threonine residue within the
activation loop of the C4 domain, which corresponds to Threonine 505
(Thr505) in mouse PKCδ. In this study, we provide evidence that PKCδ
phosphorylated on Thr505 (denoted as pPKCδThr505) is expressed upon
meiotic resumption in oocytes. Notably, this kinase targets to oocyte
MTOCs and interacts with key MTOC-associated proteins. Moreover,loss of pPKCδThr505 expression in oocytes signiﬁcantly disrupts meiotic
spindle organization.
Materials and methods
Oocyte collection and culture
The temporal and spatial distribution patterns of pPKCδThr505 were assessed in
fully-grown oocytes during progressive stages of meiotic maturation. Oocytes were
recovered from B6D2F1, (C57BL/6J x DBA/2J F1) mice. Females, 21 to 23-day old, were
injected with 5IU PMSG (EMD Biosciences, San Diego, CA) to stimulate pre-ovulatory
follicle development, and cumulus cell-oocyte complexes (COCs) were isolated from the
ovaries 44 to 48h later. GV-intact oocytes were immediately isolated from the recovered
ovaries. Oocytes undergoing germinal vesicle breakdown (GVB), as well as those at
prometaphase and the MI stage were collected following a 2, 4 and 8-hour culture,
respectively. Mature MII eggs were collected from the oviducts of superovulated
females, approximately 16h after treatment with 5IU hCG (EMD Biosciences). Oocytes
were cultured in Minimal Essential Medium (MEM) supplemented with 3mg/ml
crystallized bovine serum albumin (BSA, Sigma, St. Louis, MO) and 5% fetal calf serum
(Hyclone). Prophase I arrestwasmaintainedbyculturingGV-intact oocyteswith2.1μg/ml
of the phosphodiesterase inhibitor, milrinone (Sigma). All cultures were maintained at
37°C with 5% CO2, 5% O2 and 90% N2.
Immunoﬂuorescence analysis
Oocytes were ﬁxedwith 4% paraformaldehyde in PEM Buffer (100mMPipes, pH 6.9,
1mMMgCl2, 1mM EGTA) with 0.5% Triton-X for 1h, then rinsed and blocked in PBS with
5% serum. A primary antibody directed against PKCδ phosphorylated on Thr507 (Santa
Cruz Biotechnology, Santa Cruz, CA) was used, which corresponds to Thr505 in mouse
(subsequently referred to as anti-pPKCδThr505). Additional antibodies were used to
detect acetylated tubulin (Sigma), γ-tubulin (Sigma), pericentrin (BD Biosciences, San
Jose, CA), and phosphorylated MEK1/2 (pMEK, Santa Cruz). Anti-mouse and anti-rabbit
Alexa Fluor conjugated 488 and 555 secondary antibodies were purchased from
Molecular Probes (Invitrogen). DNA was detected with DAPI (Sigma). Fluorescence was
assessed using an upright ﬂuorescent microscope (Leica Microsystems).
Western blotting
Samples of denuded GV, MI and MII-stage oocytes were collected and frozen in
Laemmli buffer with protease inhibitors (Viveiros et al., 2003). Prior to analysis the
samples were thawed and subsequently heated to 100c°C for 5min. The proteins were
separated in 10% acrylamide gels containing 0.1% SDS, then transferred onto
hydrophobic PVDF membranes (Amersham, Piscataway, NJ). Membranes were blocked
(PBS supplemented with 2% BSA and 0.1% Tween-20) overnight at 4°C, then incubated
with anti-pPKCδThr505 for 2h at room temperature, followed by three (20-minute)
washes in PBST (PBS with 0.1% Tween-20). A peroxidase-conjugated secondary
antibody (Jackson Immuno Research, West Grove, PA) was added for 1 h prior to
processing using an ECL-plus detection system (Amersham).
Co-immunoprecipitation
To determine whether endogenous pPKCδThr505 interacts with speciﬁc proteins, co-
immunoprecipitation studies were undertaken. Lysates were prepared from MII-stage
oocytes (n = 500) collected from superovulated female mice as well as mouse
embryonic ﬁbroblast cells (MEFs). The ﬁbroblast cells were cultured in DMEMwith 10%
fetal calf serum and grown to conﬂuency in 10cm dishes. Analysis was carried out using
FroFound™ Mammalian Co-Immunoprecipitation Kit (Pierce, Rockford, IL) in accor-
dance with the manufacturer’s instructions. Brieﬂy, rabbit anti-pPKCδThr505 was
dialyzed against PBS, and immobilized on the coupling gel. Non-related goat anti-
Mad2 was used as an immunoprecipitate control. Cell lysates were prepared,
immediately transferred onto the antibody-coupled gel, and incubated for 2h. The co-
immunoprecipitation complex was eluted and processed for SDS-PAGE analysis. The
immune-complex samples were dissolved in sample buffer, resolved on 10% SDS gel,
and analyzed by Western blotting. Following protein transfer, the membranes were
blocked in TBST with 5% BSA over night at 4°C, then probed with anti-γ-tubulin, anti-
pericentrin or anti-β-tubulin.
Knockdown of pPKCδThr505 expression in oocytes by siRNA
To assess possible function, short interfering RNAs (siRNA), approximately 20–25
nucleotides in length, speciﬁc for PKCδ were used to knockdown transcript levels in
oocytes. Control groups included (i) non-injected oocytes that were subject to the same
culture conditions and (ii) oocytes injected with siRNAs speciﬁc for a different PKC
isoform, PKCγ. For each group, 10pl of a 10μM siRNA solution (Santa Cruz) was
microinjected directly into the cytoplasm of denuded, fully-grown, oocytes arrested at
prophase I in medium supplemented with 2.1μg/ml milrinone. Sterile Femtotip
capillaries and a Femptojet microinjector (Eppendorf, Westbury, NY) were used to
standardize injection volumes. Following oocyte microinjection, GV-arrest was
maintained for 24h. The oocytes were subsequently washed, transferred to fresh
medium and cultured for an additional 17h. Initial control experiments were
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pPKCδThr505 expression. At the end of culture, each group of oocytes was processed for
western blot analysis to assess overall pPKCδThr505 protein expression levels. In
subsequent experiments, the oocytes were ﬁxed for immunoﬂuorescence to assess the
progression of meiosis, pPKCδThr505 expression, as well as chromosome and meiotic
spindle conﬁgurations. Spindle microtubules were detected using an anti-acetylated
tubulin antibody and the chromosomes stained with DAPI. Fluorescence analysis of γ-
tubulin, pericentrin, and pMEK expression at MTOCs in each group of oocytes was also
undertaken in additional experiments.
Statistical analysis
All data are presented as mean percentages (± s.e.m.) of a minimum of 3
independent experimental replicates. For evaluation of the differences between groups,Fig. 1. pPKCδThr505 protein expression is high upon the resumption of meiosis. (A) A single, b
with much weaker expression in the GV-intact group. Each sample contains 100 oocytes. (B
intact oocytes exhibiting either a NSN (a–c, n = 48) or SN (d–f, n = 75) chromatin conﬁg
resumption of meiosis (2-hour culture) and initial condensing of chromosomes (g–i, n = 8
chromosomes. DNA is shown in blue and pPKCδThr505 in red. CC: Condensing chromosomesall percentages were subjected to arcsin transformation. The transformed data were
analyzed by ANOVA and themeans compared using a Fisher's protected least signiﬁcant
difference posthoc test (SAS). Signiﬁcance was assigned at P b 0.05.
Results
pPKCδThr505 expression is up-regulated following the resumption of meiosis
Analysis of pPKCδThr505 expression in fully-grown mouse oocytes by
western blot revealed a single band, approximately 75kDa in size. Very
low protein levels were detected in prophase I arrested oocytes (GV-
intact), while notably higher expression was observed in both MI andright band (∼ 75kDa) was detected with anti-pPKCδThr505 in MI and MII-stage oocytes,
) The subcellular distribution of pPKCδThr505 was assessed by immunoﬂuorescence. GV-
uration expressed only faint protein staining in the cytoplasm. In contrast, upon the
0), distinct bright foci of pPKCδThr505 (arrowheads) were evident in proximity to the
. Scale bar of 10 μm.
417W. Ma et al. / Developmental Biology 320 (2008) 414–425MII-stage oocytes (Fig. 1A). No discernable band was evident when the
antibody was pre-incubated with a blocking peptide, conﬁrming
antibody speciﬁcity. Immunoﬂuorescence analysis using the same
antibody revealed faint and diffuse staining in the cytoplasm of GV-
intact oocytes. The faint expression pattern was the same whether
oocytes exhibited either a non-surrounded (NSN) or surrounded (SN)
nucleolar conﬁguration (Fig. 1B, a–f). Acquisition of a SN conﬁguration
generally correlates with transcriptional repression in oocytes aswell asFig. 2. pPKCδThr505 concentrates at assembled meiotic spindle poles and co-localizes with M
(PM) after a 4-hour culture (a–d, n=68), exhibit bright foci of pPKCδThr505 (arrowheads) near t
MII-stage (i–l, n=74) oocytes, pPKCδThr505 expression concentrated speciﬁcally at the meioti
oocytes were labeled for detection of DNA, pPKCδThr505, and either pericentrin (b, n=85)
pPKCδThr505 with both MTOC-associated proteins at the meiotic spindle poles and cytoplasm
tubulin in green. PB-1: First polar body. Scale bar of 10 μm.an increased capacity to resume and complete meiosis (Mattson and
Albertini, 1990; Debey et al., 1993). Interestingly, upon GVB and the
resumption of meiosis, distinct bright aggregates (foci) of pPKCδThr505
were observed in close proximity to the condensing chromosomes (Fig.
1B, g–i). The number and shape of the pPKCδThr505 foci detected were
variable. Some were small and round, while others exhibited a more
elongated appearance. However, nearly all foci were restricted to the
region of the condensing chromatin.TOC-associated proteins, γ-tubulin and pericentrin. (A) Oocytes ﬁxed at prometaphase
he condensed chromosomes and formingmicrotubule array. In bothMI (e–h, n=80) and
c spindle poles (arrowheads) and a few distinct cytoplasmic foci (asterisk). (B) MI-stage
or γ-tubulin (f, n=74). The merged images (d,h) demonstrate the co-localization of
ic foci. DNA is shown in blue, pPKCδThr505 in red, and acetylated tubulin/pericentrin/γ-
Fig. 3. pPKCδThr505 detected atmitotic spindle poles. (A) Immunoﬂuorescence analysis of dividingmouse embryonic ﬁbroblast cells (MEFs) revealed expression of pPKCδThr505 (shown
in red, arrowheads) at mitotic spindle poles (a–d, n=10), which co-localized with both pericentrin (e–h, n=12) and γ-tubulin (i–l, n=8). DNA is shown in blue. Acetylated tubulin,
pericentrin and γ-tubulin are shown in green. Scale bar of 10 μm. (B) Co-immunoprecipitation studies withmouse embryonic ﬁbroblast cells (MEFs) identiﬁed two distinct bands, one
corresponding to pericentrin (∼220 kDa, arrowhead) and an additional smaller (∼45 kDa) band in the pPKCδThr505 immunoprecipitate (IP-pPKCδThr505), similar to the control cell
lysate. The identity of the smaller band is not yet known. (C) In a second experiment, γ-tubulinwas identiﬁed in the immunoprecipitates of both oocytes (Oo) andMEFs, together with
an unknown larger band (N250 kDa). No bands were detected in the IP-Ctrl lane in either experiment.
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419W. Ma et al. / Developmental Biology 320 (2008) 414–425pPKCδThr505 targets to the meiotic spindle poles and co-localizes with
MTOC-associated proteins
A dynamic subcellular distribution pattern of pPKCδThr505 was
observed during the progression of meiosis (Fig. 2A). In oocytes at
prometaphase (Fig. 2A, a–d), ﬁxed after a 4-hour culture, multiple
bright foci of pPKCδThr505 were detected near the individualized
chromosomes and forming microtubule array. The foci were variable
in number and shape as originally observed. Notably, during both MI
(Fig. 2A, e–h) and MII (Fig. 2A, i–l) pPKCδThr505 was detected
speciﬁcally at the assembled meiotic spindle poles. At the poles,
pPKCδThr505 expressionwas typically observed in an “O” or “C”-shaped
conﬁguration. Additionally, the protein was detected in a few distinct
cytoplasmic foci. Analysis of oocytes undergoing the ﬁrst and second
meiotic division revealed that during chromosome segregation,
pPKCδThr505 was no longer detected at the poles as the meiotic spindle
was reorganized during the anaphase to telophase transition. Instead,
during this stage the protein was localized diffusely on the spindleFig. 4. pPKCδThr505 expression was successfully reduced in oocytes by siRNA. (A) Western
following PKCδ siRNA injection, relative to the control uninjected (CTRL) and PKCγ siRNA gr
groups. Each sample contains 50 oocytes. (B) Immunoﬂuorescence analysis conﬁrmed that a
or no pPKCδThr505 at the meiotic spindle poles (arrowheads), while expression persisted in ov
m.) of 3 independent replicates with a minimum of 50 oocytes in each group. (C) Measureme
control and PKCδ siRNA groups. Different letters represent statistical differences (Pb0.05) bmicrotubules, as well as the forming mid-body at telophase
(Supplementary Fig. 1).
The detection of pPKCδThr505 at meiotic spindle poles prompted us
to determine whether this kinase co-localized with speciﬁc MTOC-
associated proteins. Hence, MI-stage oocytes (ﬁxed after an 8-hour
culture) were double labeled with antibodies directed against
pPKCδThr505 and either pericentrin or γ-tubulin. Imaging analysis
revealed that pPKCδThr505 co-localized with both pericentrin (Fig. 2B,
a–d) and γ-tubulin (Fig. 2B, e–h) at themeiotic spindle poles as well as
the distinct cytoplasmic foci. Multiple MTOCs have been detected in
the cytoplasm of oocytes in addition to the spindle poles, often
referred to as ‘cytoplasmic MTOCs’. These cytoplasmic MTOCs do not
exhibit microtubule-nucleating activity during M-phase despite the
expression on γ-tubulin and pericentrin (Maro et al., 1985; Carabatsos
et al., 2000; Combelles and Albertini, 2001). Consistent with previous
observations (Combelles and Albertini, 2001) we detected γ-tubulin
expression at MTOCs as well as the minus ends of spindle
microtubules adjacent to the poles. Interestingly, while pPKCδThr505blot analysis revealed an approximate 50% decrease in pPKCδThr505 expression levels
oups. Re-probing the same membrane revealed comparable levels of γ-tubulin in all 3
pproximately 50% of MI oocytes injected with PKCδ siRNA showed signiﬁcantly reduced
er 85% of oocytes in both control groups. Values represent the percent mean value (±s.e.
nts of pPKCδThr505 (red) pixel intensity in representative oocytes (n=15) from each of the
etween groups. DNA is shown in blue. Scale bar of 10 μm.
Table 1
Progression of meiosis§
Group Total oocytes GV MI MII
Uninjected 177 2.9±1.3 (5)a 46.0±4.5 (82)a 50.5±3.8 (90)a
PKCγ siRNA 171 3.1±1.7 (6)a 45.6±2.6 (78)a 50.8±1.8 (87)a
PKδ siRNA 164 7.5±1.5 (12)b 50.4±5.5 (83)a 42.1±5.3 (69)a
§ The progression of meiosis was evaluated at the end of a 17-hour culture. The number
of oocytes at the GV,MI orMII stagewas determined by immunoﬂuorescence analysis of
DNA stained with DAPI. The values represent the percent mean value±s.e.m., with
oocyte number in brackets, of 3 independent replicates with a minimum of 50 oocytes
in each group. Different letters denote signiﬁcant differences (Pb0.05) between groups.
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evident on the minus-end spindle microtubules. Double labeling of
oocytes at earlier stages conﬁrmed that pPKCδThr505 co-localized with
both pericentrin and γ-tubulin immediately upon the resumption of
meiosis (data not shown). These data suggests that pPKCδThr505 is a
newly identiﬁed protein component of both cytoplasmic and spindle
pole MTOCs in oocytes.
To determine whether the association of pPKCδThr505 with MTOCs
was potentially unique to oocytes, studies were undertaken to assess
its expression in dividing somatic cells. Mouse embryonic ﬁbroblast
cells (MEFs) were grown in culture and ﬁxed for ﬂuorescence analysis.
Imaging of cells undergoing mitotic division (Fig. 3A) revealed that
similar to the observations in oocytes, pPKCδThr505was clearly detected
at mitotic spindle poles (Fig. 3A, a–d) and co-localized with both
pericentrin (Fig. 3A, e–h) as well as γ-tubulin (Fig. 3A, i–l). Therefore,
pPKCδThr505 associates with MTOCs in both oocytes and mitotic
somatic cells.
Pericentrin and γ-tubulin co-immunoprecipitate with pPKCδThr505
We tested for a possible interaction between endogenous
pPKCδThr505 and the MTOC-associated proteins, pericentrin and γ-
tubulin, by co-immunprecipitation (Fig. 3B,C). Owing to the limited
amount of available protein for analysis from oocytes, lysates from
MEFs were used for the initial studies. Western blot analysis
conﬁrmed the expression of pericentrin (Fig. 3B) together with a
smaller (~ 45kDa), as yet unidentiﬁed, band in the pPKCδThr505
immunoprecipitate (IP). The same bandswere detected in control MEF
cell lysate, but no proteins were evident in the IP-control lane. In a
second set of co-immunoprecipitation experiments, γ-tubulin was
also identiﬁed in the pPKCδThr505 immunoprecipipate, notably of both
oocytes as well as MEFs (Fig. 3C). In addition to γ-tubulin, a larger (N
250kDa) band was detected in both oocyte and MEF pPKCδThr505
immunoprecipitates, which may represent γ-tubulin protein com-
plexes. These data indicate that pPKCδThr505 interacts with both
pericentrin and γ-tubulin. In contrast, despite our observation ofTable 2
Expression of pPKCδThr505 at meiotic spindle poles§
Group MI MII
Total Positive for pPKCδThr505 Total Positive for pPKCδThr505
Uninjected Ctrl 82 89.6±2.4 (73)a 90 90.5±3.5 (82)a
PKCγ siRNA 78 82.8±2.7 (65)a 87 91.3±2.2 (79)a
PKCδ siRNA 83 49.4±4.6 (40)b 69 69.8±4.3 (48)b⁎
§ The expression of pPKCδThr505 at meiotic spindle poles was evaluated by
immunoﬂuorescence analysis of individual oocytes, ﬁxed at the end of a 17-hour culture.
Oocyteswith signiﬁcantly reducedor complete absence of pPKCδThr505 at the spindle poles
were classiﬁed as negative for protein expression. Classiﬁcation of MI and MII stages were
conﬁrmed by DNA conﬁgurations and polar body emission. The values represent the
percent mean value±s.e.m., with oocyte number in brackets, of 3 independent replicates
with a minimum of 50 oocytes in each group. Different letters represent signiﬁcant
differences (Pb0.05) between groups.
⁎Signiﬁcant difference between MI and MII within the same group.pPKCδThr505 on spindlemicrotubules during the anaphase to telophase
transition, no bands were detected when the pPKCδThr505 immuno-
precipitate from MEFs was probed with anti β-tubulin antibody (data
not shown), suggesting no direct interaction between pPKCδThr505 and
β-tubulin.
Loss of pPKCδThr505 disrupts meiotic spindle organization and
MTOC-associated protein expression
To test the functional relevance of MTOC-associated pPKCδThr505,
we knocked down PKCδ expression in mouse oocytes by microinject-
ing PKCδ-speciﬁc siRNAs into GV-intact oocytes. The oocytes were
maintained at the GV-stage for 24h, then subsequently placed in
culture to undergo meiotic maturation and were assessed 17h later.
Western blot and densitometry analysis (Fig. 4A) revealed a speciﬁc
decrease in pPKCδThr505 expression in the PKCδ siRNA group by
approximately 50%, while protein levels were sustained in both the
uninjected and PKCγ siRNA control groups. Probing of the same
membrane with a γ-tubulin antibody revealed comparable protein
expression in all 3 groups, further supporting the speciﬁcity of the
PKCδ siRNAs. Immunoﬂuorescence analysis of individual oocytes that
reached MI (Fig. 4B) demonstrated the successful reduction of
pPKCδThr505 expression at MTOCs in approximately 50% of the total
oocytes microinjected with PKCδ siRNAs. In these oocytes, pPKCδThr505
expressionwas limited to a few dim foci or was undetectable (Fig. 4C).
In contrast, bright pPKCδThr505 expression at the spindle poles
persisted in over 85% of the oocytes from both control groups. Thus,
both western blot and immunoﬂuorescence analysis of individual
oocytes conﬁrmed that pPKCδThr505 protein expressionwas effectively
ablated or signiﬁcantly reduced in approximately 50% of the oocytes
injected with PKCδ speciﬁc siRNAs.
At the end of culture, DAPI-labeled DNA conﬁgurations were
assessed to determine the progression of meiosis in each group of
oocytes (Table 1). From the total oocytes evaluated in the uninjected
and PKCγ siRNA control groups, approximately 50% progressed to MII.
In the PKCδ siRNA group, a slightly higher incidence of GV-arrest (7.5%
versus 3% in the control groups) was observed and fewer oocytes
tended to reach MII (42%), although differences between replicates
precluded statistical signiﬁcance. Evaluation of pPKCδThr505 expres-
sion (Table 2) in relation to meiotic maturation, revealed reduced or
loss of protein expression in approximately 50% of MI-stage oocytes of
the PKCδ siRNA group, compared to about 30% of oocytes that
progressed to MII. We speculate that the oocytes inwhich pPKCδThr505
expression was maintained were potentially more likely to complete
the ﬁrst meiotic division.
The assessment of meiotic spindle and chromatin conﬁgurations
revealed signiﬁcantly disrupted spindle organization in oocytes with
little or no pPKCδThr505 expression (Table 3). MI oocytes from theTable 3
Disrupted meiotic spindle conﬁgurations§
Group MI MII
Total Disrupted spindles Total Disrupted spindles
Uninjected Ctrl 82 15.5±1.4 (13)a 90 9.5±3.5 (8)a
PKCγ siRNA 78 19.3±1.3 (15)a 87 8.7±2.2 (8)a⁎
PKCδ siRNA 83 54.1±2.0 (45)b 69 30.2±4.3 (21)b⁎
§ Meiotic spindle conﬁgurations were evaluated by immunoﬂuorescence analysis of
individual oocytes, ﬁxed at the end of a 17-hour culture. Spindle microtubules were
detected with anti-acetylated tubulin and the DNA labeled with DAPI. MI andMII stages
were conﬁrmed by DNA conﬁgurations and polar body emission. Meiotic spindles
exhibiting disorganized microtubule arrays, loss of bipolar structure, and misaligned
chromosomes were classiﬁed as “disrupted”. The values represent the percent mean
value±s.e.m., with oocyte number in brackets, of 3 independent replicates with a
minimum of 50 oocytes in each group. Different letters represent statistical differences
(Pb0.05) between groups.
⁎Signiﬁcant difference between MI and MII within the same group.
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typically contained organized barrel-shaped spindles with aligned
chromosomes and bright pPKCδThr505 expression at both spindle
poles. However, different patterns were observed in oocytes from the
PKCδ siRNA group. Organized spindles were detected within the
oocytes that retained MTOC-associated pPKCδThr505 expression (Fig.
5A, i–l). In striking contrast, oocytes with signiﬁcantly reduced (Fig.
5A, m–p) or complete loss (Fig. 5A, q–t) of pPKCδThr505 expression
contained highly disrupted spindle structures. The spindles were
characterized by disorganized microtubule arrays and often lacked
focused poles. Moreover, the chromosomes were typically misaligned,
seemingly scattered on the microtubules. Poor spindle organization
was evident in both MI and MII-stage oocytes with little or noFig. 5. Disrupted spindle organization detected in oocytes with reduced or no pPKCδTh
immunoﬂuorescence following a 17-hour culture.Well-organized spindle structures with alig
(e–h, n=78) siRNA control groups. In contrast, disrupted spindles in the PKCδ siRNA (n=83)
and unfocused poles. Representative oocytes from the PKCδ siRNA group showing sustained
DNA is shown in blue, acetylated tubulin in green and pPKCδThr505 in red. Scale bar of 10 μmpPKCδThr505 expression, but was observed at a signiﬁcantly higher
incidence at MI (Table 3). Notably, in all oocytes with reduced or no
pPKCδThr505 expression, γ-tubulin (Fig. 6A) foci were no longer
detected at the presumptive spindle poles. Instead, diffuse γ-tubulin
staining was observed near the misaligned chromosomes, possibly
reﬂecting an association with the spindle microtubules. Pericentrin
expression (Fig. 6B) was also perturbed, with little to no protein
detected at the spindle pole regions. In addition, we assessed the
expression of pMEK1/2 in each experimental group since recent
studies demonstrated that this kinase localizes to oocyte MTOCs, and
plays a possible role in spindle organization (Yu et al., 2007). Similar to
pericentrin and γ-tubulin, loss of pMEK expression at spindle pole
MTOCs was noted in oocytes with little or no pPKCδThr505 expressionr505 expression. Meiotic spindle and chromosome conﬁgurations were assessed by
ned chromosomeswere observed in oocytes from the uninjected (a–d, n=82) and PKCγ
group were characterized by disorganized microtubule arrays, scattered chromosomes
(i–l), reduced (m–p) and complete loss of (q–t) pPKCδThr505 expression (arrowheads).
.
Fig. 6. Disruption of MTOC-associated protein expression in oocytes with reduced or no pPKCδThr505 expression. Oocytes were ﬁxed after a 17-hour culture for immunoﬂuorescence
analysis of either (A) γ-tubulin, (B) pericentrin, or (C) pMEK expression in relation to pPKCδThr505 (shown in red, arrowheads). Each experiment was replicated 3 times with a
minimum of 40 oocytes per group. Representative images of MI-stage oocytes are shown for each protein in the uninjected and PKCγ siRNA controls (upper panels) compared to the
PKCδ siRNA group (lower panels). DNA is shown in blue and reveals chromosome misalignments (arrowheads). γ-tubulin, pericentrin and pMEK are shown in green (arrowheads).
⁎Denotes cytoplasmic MTOCs. Insets show a 2× magniﬁcation of the pPKCδThr505 foci. Scale bar of 10 μm.
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423W. Ma et al. / Developmental Biology 320 (2008) 414–425(Fig. 6C). Evaluation of cytoplasmic MTOCs also revealed a disruption
in the expression of each MTOC-associated protein, coincident with
the loss of pPKCδThr505 (Figs. 6A–C, lower panels). Compared to the
controls, the cytoplasmic foci were smaller, dimmer, and fewer in
number. For example, the mean number (s.e.m.) of distinct cytoplas-
mic foci of pericentrin detected in pPKCδThr505-depleted oocytes was
lower (2.25 ± 1.2, n = 16) relative to the uninjected (10.07 ± 0.69) and
PKCγ siRNA (9.97 ± 0.74) control oocytes with bright pPKCδThr505. A
similar pattern was observed for γ-tubulin and pMEK. The loss of γ-
tubulin, pericentrin, and pMEK expression indicates a possible
disruption in the recruitment and/or anchoring of these proteins to
MTOCs in pPKCδThr505-depleted oocytes.
Discussion
In this study, we provide evidence that pPKCδThr505 is a MTOC-
associated protein and interacts with integral MTOC components,
pericentrin and γ-tubulin, essential for microtubule nucleation.
Depletion of pPKCδThr505 expression in mammalian oocytes by siRNA
signiﬁcantly disrupted meiotic spindle structure as well as γ-tubulin
and pericentrin expression at MTOCs, indicating that this kinase plays
a role in meiotic spindle organization.
pPKCδThr505 is expressed in oocytes upon GVB
Wepreviously showed that PKCδ is expressed inmouse oocytes and
becomes phosphorylated upon the resumption of meiosis (Viveiros et
al., 2003). PKC proteins undergo a sequence of phosphorylations that
regulate enzyme activity. An initial threonine phosphorylation
(Thr505 in mouse PKCδ) in the catalytic domain within the ‘activation
loop’ is essential to align residues in the catalytic pocket and promotes
autophosphorylation of speciﬁc amino acids in the ‘turn’ and
‘hydrophobic’ motifs within the C-terminus. While activation-loop
phosphorylation is essential for kinase activity of conventional PKCs
(Newton, 2003), there are conﬂicting reports as to whether it is
similarly required for PKCδ activity (Stempka et al.,1997; Le Good et al.,
1998). Nonetheless activation-loop phosphorylation of PKCδ report-
edly regulates additional functions such as kinase stability and
substrate speciﬁcity (Liu et al., 2006b). In this study we detected
pPKCδThr505 expression in mouse oocytes upon GVB, consistent with
our earlier observations (Viveiros et al., 2003). Using immunoﬂuores-
cence, bright foci of pPKCδThr505 were ﬁrst detected in proximity to the
condensing chromosomes. The low protein levels noted at the GV-
stage by western blotting may, therefore, represent a few oocytes in
which meiotic resumption was initiated, but still retained an intact
nuclear membrane. Increasing cdk1 activity is essential for GVB and
entry into M-phase (Choi et al., 1991), however, whether PKCδ
phosphorylation is regulated directly or indirectly by cdk1 is not
known. In somatic cells, activation-loop phosphorylation of PKC
proteins and other ACG kinases is attributed to phosphoinositide-
dependent protein kinase-1 (PDK1) (Newton, 2003). Moreover, recent
studies in cardiomyocytes indicate that PKCɛ and Src kinase can also
regulate PKCδ activation-loop phosphorylation (Rybin et al., 2007).
pPKCδThr505 is a MTOC-associated protein
Upon germinal vesicle breakdown, pPKCδThr505 speciﬁcally associ-
ates with MTOCs. Notably, in MI and MII-stage oocytes pPKCδThr505
was detected at the poles of assembled meiotic spindles and co-
localized with two key MTOC-associated proteins, γ-tubulin and
pericentrin. In fact, protein co-localization was observed immediately
upon GVB. Phosphorylated protein expression at MTOCs, as indicated
by MPM-2 labeling, has been demonstrated in GV-stage mouse
oocytes upon acquisition of a SN nucleolar conﬁguration, which
correlates with competence to resume meiosis (Wickramasinghe and
Albertini, 1992). However, no bright foci of pPKCδThr505 were detectedin GV-intact oocytes with either a NSN or SN conﬁguration, indicating
that pPKCδTh505 expression at MTOCs correlates with GVB and
increasing cdk1 activity. Whether PKCδ is phosphorylated at the
MTOCs or is speciﬁcally targeted to MTOCs after phosphorylation has
not been established. At the spindle poles, pPKCδThr505 was often
observed in an “O” or “C” shaped conﬁguration as previously
described for both pericentrin (Carabatsos et al., 2000) and γ-tubulin
(Combelles and Albertini, 2001) expression in mouse oocytes. In
addition to the spindle poles we detected γ-tubulin on the minus-end
microtubules, consistent with earlier reports (Combelles and Alber-
tini, 2001). Binding of γ-TuRCs to microtubule minus ends is proposed
to stabilize microtubules at MTOCs by acting as a capping protein to
prevent further microtubule growth and depolymerization in mitotic
cells (Wiese and Zheng, 2000), and may function similarly in meiotic
spindle organization. Interestingly, pPKCδThr505 was not detected at
microtubule minus ends of assembledMI andMII spindles, but did co-
localize with γ-tubulin and pericentrin at ‘cytoplasmic MTOCs’. These
unique MTOCs do not associate with meiotic spindle poles and show
no microtubule-nucleating activity during M-phase despite γ-tubulin
expression (Maro et al., 1985; Combelles and Albertini, 2001). Thus,
pPKCδThr505 is a component of both spindle pole and cytoplasmic
MTOCs in M-phase oocytes with and without active microtubule
nucleation, respectively.
During the anaphase to telophase transition pPKCδThr505 was
detected on the spindle microtubules, but not the spindle poles. This
pattern mirrors the reported expression of γ-tubulin (Combelles and
Albertini, 2001) and suggests a continued association between the two
proteins during chromosome segregation. Intriguingly, pPKCδThr505
expression at MTOCs is not unique to oocytes. We also co-localized
the protein with γ-tubulin and pericentrin at mitotic spindle poles of
dividing MEFs. Earlier studies revealed PKCδ localization at inter-
phase MTOCs in T-cells as well as a human T lymphoma cell line
(Volkov et al., 1998, 2001), but to our knowledge this is the ﬁrst
report of its association with spindle pole MTOCs. Using co-
immunoprecipation analysis of endogenous proteins we demon-
strated a direct interaction between pPKCδThr505 and γ-tubulin as
well as pericentrin, but not β-tubulin, in MEFs. Notably, γ-tubulin
also co-immunoprecipitated with pPKCδThr505 in oocytes, and further
supports the premise that this kinase is a component of MTOCs.
While this manuscript was under review, expression of phosphory-
lated PKCδ was reported at the spindle poles of mouse MII eggs and
shown to interact with γ-tubulin by FRET analysis, supporting our
observations (Baluch and Capco, 2008). The absence of β-tubulin in
the pPKCδThr505 immunoprecipitate also suggests that this kinases’
expression on spindle microtubules upon anaphase onset might
reﬂect an association with MTOC-proteins rather than a direct
interaction with microtubules. Whether pericentrin and/or γ-tubulin
are potential targets of pPKCδThr505 remains to be determined.
Pericentrin is a key protein that anchors many regulatory and
structural molecules to centrosomes, including γ-TuRCs (Doxsey et
al., 1994; Zimmerman et al., 2004). We speculate that pPKCδThr505
binding to pericentrin likely functions to secure this kinase to MTOCs
in oocytes. Studies have shown that a different PKC, PKCβII, is
anchored to centrosomes in mitotic cells by pericentrin binding.
Importantly, disruption of this interaction resulted in spindle
microtubule disorganization, aneuploidy and defects in cytokinesis
(Chen et al., 2004), demonstrating that PKC signaling at MTOCs plays
a role in mitotic spindle organization and function.
Disorganized meiotic spindles in oocytes with reduced or no pPKCδThr505
expression
We used a siRNA approach to knockdown pPKCδThr505 expression
and assess loss of function. Consistently, oocytes in which pPKCδThr505
was successfully ablated were found to contain misaligned chromo-
somes on highly disrupted meiotic spindle structures, characterized
424 W. Ma et al. / Developmental Biology 320 (2008) 414–425by disorganized microtubule arrays and the absence of focused poles.
Moreover, γ-tubulin expressionwas signiﬁcantly diminished or lost at
the spindle pole areas, although diffuse expression near the chromo-
somes was evident suggesting its continued association with the
spindle microtubules. Taking into consideration the critical role of γ-
tubulin in microtubule nucleation, it is plausible that the disorganized
spindle structures observed in pPKCδThr505-depleted oocytes can be
attributed, at least in part, to disruption of γ-tubulin expression at
MTOCs. Knockdown of γ-tubulin expression by siRNA in mouse
oocytes has recently been shown to result in smaller spindles with
misaligned chromosomes (Barrett and Albertini, 2007). Importantly,
we detected no difference in total γ-tubulin protein levels between
the control and PKCδ siRNA injected group of oocytes. Hence, loss of γ-
tubulin expression at the spindle poles indicates a potential disruption
in its targeting, or anchoring, toMTOCs. Pericentrin plays a critical role
in anchoring γ-tubulin and associated protein complexes to MTOCs
(Zimmerman et al., 2004). In accord, our analysis also revealed a
signiﬁcant loss of pericentrin expression at the spindle poles of
oocytes with reduced or no pPKCδThr505 expression, which could
potentially account for the loss of γ-tubulin. Overall, our data suggest
that pPKCδThr505 is likely anchored at MTOCs by pericentrin binding,
where it targets factors that participate in the recruitment and/or
retention of critical MTOC components, including pericentrin, neces-
sary for its stability. Hence, we speculate that loss of pPKCδThr505 leads
to a putative disruption in pericentrin expression at MTOCs as well as
the regulatory and structural proteins that it anchors such as γ-TuRCs,
which in turn compromise microtubule and spindle organization.
Currently, the mechanisms by which proteins such as pericentrin are
speciﬁcally targeted to and/or anchored at oocyte MTOCs are not
known. However, our data suggest a role for PKC signaling in this
process. Moreover, we observed a disruption in pericentrin and γ-
tubulin expression at both spindle pole and cytoplasmic MTOCs,
which suggests that similar mechanism(s) may regulate protein
recruitment and/or anchoring to both MTOC populations in mouse
oocytes. Identiﬁcation of the speciﬁc pPKCδThr505 target proteins will
be essential to determine its precise function at MTOCs. One
possibility is that pPKCδThr505 might target cell cycle regulatory
proteins that contribute to MTOC assembly and/or organization. For
example, studies in various cell types have shown that PKCδ can
regulate activation of MAPK (Ueda et al., 1996; Choi et al., 2006; Im et
al., 2007). In mammalian oocytes MAPK is associated with spindle
pole MTOCs (Verlhac et al., 1993) and is implicated in the control of
spindle microtubule organization (Verlhac et al., 1996; Lefebvre et al.,
2002; Terret et al., 2003). Recent studies also demonstrated the
expression of an upstream kinase, pMEK, at oocyte MTOCs. Notably,
disruption of pMEK resulted in highly disorganized spindle structures
(Yu et al., 2007). Interestingly, we observed loss of pMEK expression at
MTOCs in oocytes with little or no pPKCδThr505 expression, which may
suggest an interaction between these signaling pathways. Alterna-
tively, it is possible that loss of pMEK expression may reﬂect a
disruption in the recruitment and or/anchoring of MTOC-associated
proteins. Further studies are warranted to distinguish between these
possibilities.
PKCδ is apparently one component of a more extensive PKC
signaling network at MTOCs, as other PKC proteins localize to MTOCs
and likely participate in different aspects of spindle assembly and/or
function. In addition to PKCβII (Chen et al., 2004), both PKCθ
(Passalacqua et al., 1999) and PKCζ (Liu et al., 2006a) have also been
detected at centrosomes during mitotic division. PKCζ speciﬁcally
targets to MTOCs in HeLa cells when the protein is phosphorylated on
Threonine 410, within its activation loop. Knockdown of PKCζ
expression disrupted chromosome alignment on the spindle and
decreased stable attachment of microtubules to kinetochores (Liu et
al., 2006a). Intriguingly, phosphorylated PKCζ also localizes to the
spindle poles of mouse oocytes at MII and has been proposed to play a
role in maintaining meiotic spindle stability by inactivating GSK3β(Baluch et al., 2004; Baluch and Capco, 2008). In addition, a
phosphorylated form of the well-known PKC-substrate, MARCKS
protein, has been identiﬁed at MTOCs in mouse oocytes (Michaut et
al., 2005). It will be important to assess whether there are putative
differences in PKC signaling at MTOCs during mitotic and meiotic
spindle formation. Understanding the nature and function of PKC
signaling at MTOCs will contribute to our knowledge of the regulatory
controls involved in spindle formation, which is essential for genomic
stability.
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